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Abstract
The observed pseudo-periodic reversal of the upper layer circulation of the Ionian Sea has been
assumed to be related to some internal feedback processes (density driven) by the so called BiOS
(Adriatic-Ionian Bimodal Oscillating System) hypothesis. The mechanism seems to be very well
described by a non-linear oscillator dynamical system. By setting the state variables as the salinity
of Adriatic deep water and the sea level anomaly in the Ionian region a Van der Pol equation
has been obtained. The periodic cycle so obtained is of the order of a decade as observed in the
data. Furthermore, a periodic term, which mimics the decadal variability of the forcing (mainly
atmospheric), produces a period doubling phenomenon which is typical of the forced Van der Pol
oscillator. By considering also a stochastic gaussian noise acting as a forcing and a decadal periodic
input term, having an amplitude much smaller than the noise variance, a sub-harmonic stochastic
resonance appears in the solution for a certain range of the values of the parameters. This yields
the possibility of a longer time scale variability of the BiOS mechanism.
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1 Introduction
In recent years the hypothesis that the Adriatic-Ionian basin behaves like a bimodal
oscillating system between cyclonic and anticyclonic upper layer circulation has been
introduced to explain some observational facts.
This mechanism has been called BiOS. (Adriatic-Ionian Bimodal Oscillating System)
(Borzelli et al., 2009; Civitarese et al., 2010, Gacic et al., 2010). BiOs is a new different
way of explaining the Ionian alternation in the circulation between cyclonic and anti-
cyclonic states, because it attributes its causes to internal processes more than to
external ones (such as wind stress).
Figure 1: Circulation time series in the Adriatic and Ionian basins and wind stress curl. Data have been
obtained by satellite altimetry with the geostrophic assumption.
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Figure 2: The signal of BiOs from Salinity and Nutrient (NO3) data.
In fact, looking to Fig.1, it is clear that the wind-stress curl is unable to reverse
the circulation. BiOS can give a more general explanation for the phenomenon, based
on an intrinsic pseudo-periodic oscillation. Note also that the Adriatic general surface
circulation is always cyclonic. Also salinity and density data collected in the Southern
Adriatic (main source of Eastern Mediterranean deep water) show a decadal variation
coherent with the northern Ionian change in the sea level height, and in general, their
periodic inversion is compatible with the inversion of circulation. The phenomenology
can be described as follow with reference to Fig.3 (left and right).
Figure 3: The BiOs mechanism (from Civitarese et al., 2010)
The low-salinity MAW (Modified Atlantic Water) advected by the anticyclonic cir-
culation enters the Adriatic basin. This causes a density decrease in Adriatic (since
MAW is less salty), so the ADW (Adriatic Deep Water) produced in this period grad-
ually has a lower density than usual. This ”light” water spreads towards the Ionian
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flanks, so that the water level along Ionian flanks gradually increases generating an
up-welling of the denser water of the lower layers (and a consequent down-welling of
isobars). This leads to a weakening of the anticyclonic upper layer circulation, which
at the end gets inverted. Cyclonic regime favors LIW (Levantine intermediate water)
to enter the Adriatic, which deep waters are now going to be more salted, thou heav-
ier. As before, denser Adriatic deep water spreads along Ionian flanks increasing their
density: this causes a gradual down-welling of the upper lighter density water (and a
consequent up-welling of isobars), and so a gradual weakening of the cyclonic regime,
that is doomed to be inverted. Schematically:
Contextualizing to the time interval, in 1994 the anticyclonic gyre extends over the
northern Ionian, advecting MAW into the Adriatic (low salinity water): in 1995 anti-
cyclonic gyre starts to become less and less strong and, in 1998, a cyclonic circulation
establishes. The salinity in Adriatic basin starts to increase again, since saltier LIW is
now advected in. As it is evident in Fig. 3 (left and right). It is important to underline
that the anticyclonic trend advects mostly MAW, since the pathway followed by waters
is towards the western border of the Ionian, on the other hand, the cyclonic motion
induces waters mostly on the eastern part of the Ionian pushing in the Adriatic basin
waters saltier than MAW. The inversion happens to be in 1997. Between 1998 and
2005, in fact, a cyclonic gyre is observed, and this favors salty Levantine or Cretan
water to enter, inverting the salt content of the Adriatic Deep Water formed until
now. Another inversion started in 2006. Actually the circulation seems to be in a
cyclonic phase (see again Fig.1). In a recent paper (Crisciani and Mosetti, 2016) a
model has been derived by integrating in the bounded flow domain (the Ionian basin)
on the f plane the two-layer quasi-geostrophic evolution equations. Furthermore, a
non linear term which mimics the mutual interaction between the moving layers has
been introduced. By considering a stochastic gaussian noise acting as a forcing and a
decadal periodic input term, having an amplitude much smaller than the noise variance,
a stochastic resonance appears in the solution for a certain range of the values of the
parameters. The decadal forcing at the boundary of the Ionian basin can be related
to the low frequency atmospheric variability in the surrounding basins. The resonance
has a period consistent with the observed decadal time scale of the reversal between
cyclonic and anti-cyclonic phases. In this paper, an even more simple dynamical model
of a non-linear oscillator is presented.
2 The non-linear Feedback-Model
Essentially the BiOs feedback system could be simplified in terms of a dynamical sys-
tem with two state variables (Ionian Sea level anomaly η and the salinity anomaly S
of the Adriatic Dense Water:
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S˙ = aS − bη − cS3
η˙ = dS
(1)
According to Fig. 3, this model reflects the following scheme:
Entering AMW⇒ Lowering ADW salinity⇒ NO AMW⇒ Increase ADW salinity⇒
Entering again AMW
So the cycle is starting again. The first term on the r.h.s. in the first equation
represents the accumulation of the formed Adriatic dense water and it is related the
residence time within the Adriatic bottom layer. The second term is the feedback due
to the sea level anomaly in the Ionian; the last term is a nonlinear dissipation/mixing
process. Note that the cubic exponent arise from the fact that in a power series
expansion the cubic term is the first non-linear term changing the sign correctly (if you
would use power two the effect would be independent on the fact that an increase of
decrease of salinity generates the same negative term). The second equation simply
close the feedback which relates sea level anomaly with salinity anomaly. Starting with
equation 1) we can first of all scaling the time by the typical time scale of the order of
months and the sea-level anomaly by the typical depth of the basin. So, we take:
t˜ = t/month; η˜ = η/H
s˙ = as− bη˜ − cs3
˙˜η = ds
(2)
where After simple manipulations, Equation (2) can be rewritten as:
d2s
dt˜2
− (a− 3cs2)ds
dt˜
+ bds = 0 (3)
If the following variable transformation is defined: t = t˜
√
1
bd
; s = pX; µ = a
√
1
bd
;
p =
√
a
3c
The Van der Pol classical equation is obtained:
d2X
dt˜2
+ µ(X2 − 1)dX
dt˜
+X = 0 (4)
The most important characteristics of the VdP equation is that for every µ ≥ 0, start-
ing from an arbitrary initial condition, the solution is a stable limit circle. Models
of this kind of oscillators have been used for instance, for ENSO dynamics (e.g. J.
Sheinbaum, 2002). The estimate of the parameters is of course the most critical point
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in this model. In our case, by using the available data and by considering a residence
time for the ADW of the order of 26 months (Vilibic and Supic, 2005), the following
estimates have been obtained for the model’s parameters in Eq. (2) : (salinity anomaly
is a pure number)
a residence time of Adriatic Deep Water: 26 months;
c estimate from data: 1.13X10−9 - (s−1)
b estimate from data: 1.58X10−10 - (s−1m−1)
d estimate from data: 2.75X10−6 - (s−1)
Figure 4: Time series of Salinity anomaly (time in months)
Figure 5: Sea level anomaly
Figure 6: Phase space diagram (salinity vs. sea level and the limit cycle
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Note that the obtained periodicity is of the order of 16 years which is of the same
order of the observed reversal of the Ionian circulation. The numerical integration of
the equations has been performed by means of a MATLAB code based on a Runge-
Kutta ODE high-order solver.
2.1 The effect of a periodic forcing
It is well known, since the pioneering works by Van der Pol, 1920 himself and Van
der Pol and Van der Mark, 1927, that adding a sinusoidal term to the VdP equation
a noisy response could arise. More recently it has been proved that the forced VdP
equation for certain value of the parameters (mu and omega) exhibit a chaotic behavior
through the period doubling cascade process with the loss of periodicity. So, we would
like to check if our BiOs model could be also affected by these phenomena within
the realistic range of values of the parameters. In the affirmative case this could be
interpreted that the periodicity will be destroyed limiting the validity of the model itself
or that, physically, in the presence of an intense periodic forcing the reversal of the
Ionian circulation might be stopped. The introduction of a decadal periodicity into the
system can be supported by the fact that large scale ocean processes are influenced by
atmospheric forcing and the appearance of a decadal scale is quite common (Cessi and
Louazel, 1992; Wunsch, 2011). Recently,the same process of deep water formation
in the Adriatic Sea shows a decadal signal being however related to the atmospheric
forcing (Mihanovic H. et al, 2015). The equation by adding a sinusoidal component
becomes:
d2X
dt˜2
+ µ(X2 − 1)dX
dt˜
+X = A cos(ωt) (5)
Where: A is the amplitude of the periodic forcing and ω its angular frequancy.
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Figure 7: Forced Van der Pol oscillator with a decadal periodic function.Upper left:
dη˜
dt˜
2.1.1 The EMT case
We have done a simulation with the hypothesis that during the East Mediterranean
Transient (EMT),the effect of an external forcing can be negligible with respect the
forcing due to the strong dense water formation within the Aegean basin. So, we
stopped the forcing for a period of a decade and than reinserting the periodic forcing
after. The results (Fig. 8 and Fig. 9) show a longer period during the EMT and
suddenly after a shortening of the periods. If we compare the results with the observed
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features in Fig. 1 (see the last inversion periodicity from 2006), we get something which
seems to be in qualitative agreement. A numerical high resolution hydrodynamic model
gives a very similar behavior when only the Aegean deep waters are forcing the Ionian
basin (M. Reale, personal communication).
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Figure 8: Zoom of the solution with a stopped forcing. Panels as in Fig. 7
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Figure 9: Complete solution with a stopped forcing
However, the results show that in the limit of the estimated parameter values, the
effect of the forcing do not bring the system to a chaotic regime, but possible period
doubling could be arise depending on the strength of the forcing.
3 The Stochastic Resonance Hypothesis
The mechanism of stochastic resonance has been introduced in a seminal paper by
Benzi et al., 1981. Starting from a stochastic differential equation with a periodic
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forcing, they discovered that even a small noise variance (compared to the amplitude
of the forcing) may create in the solution a bi-stable response characterized by a rapid
transition between the two states with the same period of the forcing term. After
the discover, the concept of stochastic resonance has been widely applied to several
disciplines in the context of dynamical systems and in particular to climate dynamics
(e.g. Benzi et al, 1982). The idea is to explore if the dynamical system described
by Eq. (5) could exhibit a stochastic resonance when both a periodic decadal forcing
and a random noise is introduced. Being the BiOS process supposed to be a bi-stable
system, the stochastic resonance could be a candidate model to explain the observed
pseudo-periodic reversal of the Ionian vorticity. The noise term can be interpreted as
monthly/inter-annual fluctuations of the dense water formation rate. The stochastic
resonance has been investigated in the framework of the Stommel thermohaline model
(Eyink, 2005). Furthermore, the effect of adding a stochastic term on a box model of
the Adriatic-Ionian system has been analyzed recently (Capuano, laurea degree Thesis,
2014). The results show a decadal component in time evolution of the salinity within
the Ionian Sea. Following these considerations, we modify the equation as follows:
d2X
dt˜2
+ µ(X2 − 1)dX
dt˜
+X = A cos(ωt) + εR(t˜) (6)
Where: εR(t˜) is a Gaussian noise process.
A large set of runs have been done by small changes in the variance of the random
noise since the stochastic resonance usually appears within a very narrow range of
variance.
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Figure 10: Sub-harmonic stochastic resonance. Panels as in the previous figures. Note the two equilibria
in the phase plane
It is very interesting that we have obtained what is called a sub-harmonic stochastic
resonance rather than a resonance with the same period of the forcing. This has
been found in certain dynamical systems (Chialvo et al., 2002). This fact leads to the
possibility of the existence of a longer time scale component in the circulation inversion
in the Ionian depending of the inter-annual variability of the forcing that could be related
to the inter-annual variability of the dense water formation in the Adriatic Sea.
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4 Discussion and conclusions
The driving mechanisms behind the decadal reversal of the Ionian Sea upper layer cir-
culation raised a considerable debate in the Mediterranean scientific community. It is
still unclear what is the driving force. It has been suggested that the reversal can be
driven by variations in wind stress curl over the basin, baroclinic dynamics acting within
the Adriatic-Ionian System (AIS) or baroclinic dynamics driven by thermohaline prop-
erties at the AIS eastern boundary. The variability observed in the Ionian circulation
has been often associated with a change in the wind stress curl over the area ( Pinardi
et al.,1997, Pinardi et al., 2015). Recently, Theocharis et al. 2014 suggested that the
decadal variability observed in the Ionian circulation reflects an internal mechanism driv-
ing the alternation of the Adriatic Sea and the Aegean Sea as main DWF (Deep Water
Formation) sites for the Eastern Mediterranean (EMED). This thermohaline pumping
(Theocharis et al., 2014 ; Velaoras et al.,2014) involves the whole thermohaline cell
of EMED and not only the Adriatic-Ionian Sea as in the BiOS hypothesis (Gacic et
al.,2010). In both cases the role of long term atmospheric forcing has been consider
as negligible. In a recent paper by Mihanovic et al, 2015 it is claimed that BiOS is
the dominant generator of the Adriatic decadal variability. Despite its simplicity, this
dynamical model gives results that are in agreement with the observed reversal of the
Ionian circulation. It is in the assumption of the BiOS phenomenology an intrinsic
role of a feedback process and this is captured by the oscillator dynamics. The results
however, seems to re-introduce the role of atmospheric forcing (and the related effects
on deep water formation) as an fundamental factor for the reversal of the Ionian circu-
lation: even the Van der Pol oscillator needs an active source of energy for alimenting
the negative resistance (a triode) necessary to sustain the periodic output.
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